ABSTRACT. The Shanyi inbred A and E strains of the Chinese hamster are widely used in biomedical research, but detailed genetic characterization has been lacking. We developed microsatellite markers that could be used for genetic diversity analysis and linkage map construction. We isolated and characterized 16 novel microsatellite loci from a microsatellite-enriched genomic DNA library. These loci were genotyped in 48 animals from the two strains, and the polymorphic information content was determined. In the Shanyi A and E populations, 14 and 15 loci were found to be polymorphic, respectively, with polymorphic information content ranging from 0.1393 to 0.8082 and from 0.1109 to 0.7397, respectively. A total of 115 alleles were found for the 16 microsatellite loci in the two populations; the mean observed heterozygosity (H O ) was 0.5191 and 0.4333 for the A and E populations, respectively, indicating marked genetic variation within the two populations. Correspondingly, the F ST values ranged from 0.002 to 0.9253, with an overall mean of 0.1935, indicating significant genetic difference between the two strains. The population differentiation levels were substantiated by Nei's genetic distance and full Bayesian analyses computed with STRUCTURE. Despite the genetic diversity and differentiation within and between the two inbred populations, the 48 individuals were correctly allocated into their original populations with high statistical confidence based on these 16 microsatellite loci. These novel microsatellite loci should be useful genetic markers for these two Chinese hamster inbred strains.
INTRODUCTION
The Chinese hamster (Cricetulus griseus), which originated in the deserts of northern China and Mongolia, is about 9 cm long, featuring a relatively short tail, a black stripe down the spine, and a whitish belly. Chinese hamsters have been commonly used as laboratory animals, but are difficult to maintain and breed. To ensure consistency in the animal model, two Shanyi colonies of the Chinese hamster, named Shanyi A and E, were previously inbred (Bo et al., 1993a,b) . These inbred stocks represent superior animal models compared with outbred strains because of their robust responses to experimental treatment; therefore, they are widely utilized in biomedical research (Liu, 2003) . However, detailed molecular genetic characterization and comparison of the two Shanyi strains of the Chinese hamster are still lacking, which hinders genetic monitoring of the breeding colonies and establishment of genetic standards for laboratory animals.
Microsatellites, also known as simple sequence repeats, are commonly used molecular markers for studies concerning population genetics, kinship and individual identification. Microsatellite loci are typically highly polymorphic, displaying neutral, co-dominant inheritance. Recently, microsatellites have been applied in the assessment of genetic diversity and differentiation in inbred strains of animals (Niu and Hu, 2008) . In this study, we isolated and characterized 16 microsatellite loci from Chinese hamster genomes. Subsequently, these microsatellite loci were amplified in 48 animals from the Shanyi A and E strains of the Chinese hamster, and the genetic diversity, differentiation and structure of these loci were evaluated. Importantly, all 48 animals were correctly categorized based on the microsatellite loci. This is the first report on the molecular genetic profiles of Shanyi A and E inbred strains of the Chinese hamster.
MATERIAL AND METHODS

Microsatellite-enriched library construction and microsatellite PCR primer design
Genomic DNA was extracted from two Chinese hamsters according to standard protocols (Sambrook et al., 1989) , and sonicated into fragments with a predominant size range of 500-1000 bp. DNA fragments within this size range were recovered from a 1% agarose gel, purified with QIAquick gel columns, and ligated to SNX linkers using T4 DNA ligase for 16 h at 14°C (Hamilton et al., 1999) . The linker ligation reactions were validated by polymerase chain reaction (PCR) with SNX-specific primers. Subsequently, linker-ligated fragments were denatured at 98°C for 10 min and then hybridized to 14 sets of biotinylated probes at a specific annealing temperature overnight (Geng et al., 2010) . After hybridization, targeted DNA-probe complexes were incubated with streptavidin magnetic beads and washed several times with different washing buffers at room temperature, 45° and 60°C, respectively. Finally, the beads were suspended in 60 μL ddH 2 O and heated at 95°C for 10 min, and the supernatants containing the enriched DNA fragments were quickly recovered.
PCR amplification was performed using the enriched DNA fragments and SNX forward primers in a Perkin-Elmer thermal cycler 2720. PCR products ranging in size from 500 to 1000 bp were extracted and purified with QIAquick gel columns, and ligated into the pGEM-T Vector System I. The ligation reactions were transformed into Escherichia coli DH10B competent cells, and plated on Luria-Bertani agar plates, which included ampicillin, IPTG and X-gal.
A total of 192 clones were sequenced with T7 and SP6 primers using a 3730 DNA Sequencer. The obtained sequences were clustered into 196 contigs by using the Phred/Phrap/ Consed software (http://www.phrap.org). Among the 196 contigs, 135 clones contained suitable repeat motifs and flanking regions to allow primer design using the Primer3.0 software (Rozen and Skaletsky, 2000) .
Microsatellite genotyping
Forty-eight animals from two Shanyi strains of the Chinese hamster were genotyped with 16 pairs of primers labeled with FAM dye. PCRs were performed in a 15-μL volume containing 10 ng genomic DNA, 1 μL 10X buffer, 1 pmol unlabeled reverse primer, 1 pmol fluorescently labeled forward primer, 1.5 mM MgCl 2 , 150 μM of each dNTPs, and 0.4 U Taq DNA polymerase. The PCR program was as follows: 94°C for 5 min, 30 cycles of 30 s at 94°C, 45 s at the primer annealing temperature, and 45 s at 72°C, with a final extension step of 10 min at 72°C. The genotypes of these samples were determined with the GeneMarker v1.7 software (Applied Biosystems), and null alleles and scoring errors were examined using Micro-Checker (Oosterhout et al., 2004) .
Data analysis
The Microsatellite Toolkit program (www.animalgenomics.ucd.ie/sdepark/ms-toolkit/) was employed in the calculation of population genetic parameters, such as allele numbers, observed heterozygosities (H O ), expected heterozygosities (H E ), polymorphic information content (PIC), and allele sharing distance (Bowcock et al., 1994) . The neighbor-joining (N-J) method was chosen to construct trees from allele sharing distance matrices by using the PHYLIP package. The POPGENE software package version 1.32 (http://www.ualberta.ca/~fyeh/) was used to calculate Shannon information index, F-statistics, observed number of alleles (N O ), effective number of alleles (N E ), observed homozygosties (Obs_Hom), and expected homozygosity (Exp_Hom). Linkage equilibrium of all pairs of loci and Hardy-Weinberg equilibrium (HWE) expectations for genotype frequencies were determined by using the GENEPOP version 3.4 program (Rousset and Raymond, 1995) (P < 0.05) at the default setting (10,000 dememorization steps, 100 batches and 5000 iterations per batch). The genetic differentiation among two populations and allocation of individuals to their population were performed based on the Bayesian model clustering algorithm implemented in the STRUCTURE 2.0 program (Falush et al., 2003) , with increasing numbers of populations (K = 2-10, with a burn-in period of 10,000 and 100,000 iterations).
RESULTS
Hardy-Weinberg expectation
All pairs of loci were in linkage equilibrium as detected by the Fisher method using Genepop 3.4 (Rousset and Raymond, 1995) (P < 0.05). However, significant departures from HWE were detected at most loci (Rousset and Raymond, 1995) (P < 0.01). Half of the loci (8/16 and 9/16) of the two inbred populations were found to exhibit significant deviations from HWE (Table 1 ). In the Shanyi A genealogy, 4 of the 16 loci (FJ426323, FJ426316, FJ426320, FJ426324) (P < 0.01) showed heterozygote deficits and 4 other loci (FJ426322, FJ426327, FJ426328, FJ426329) were in heterozygote excess (P < 0.01). In the Shanyi E population, 4 loci (FJ6331, FJ426316, FJ426320, FJ426324) displayed significant heterozygote deficiencies (P < 0.01), whereas 5 loci (FJ426317, FJ426322, FJ426327, FJ426328, FJ426329) (P < 0.01) exhibited significant heterozygote excess. 
Genetic variation within inbred populations
Population genetic parameters such as allele size, allele number, and allelic frequencies for each population are summarized in Table 2 . As shown in Table 3 , there were 81 and 80 observed alleles in total for the A and E populations, respectively, with an average of 5.0625 and 5.000 at each locus. In the Shanyi A population, 14 of the 16 loci were polymorphic with an average PIC of 0.5129; likewise, 15 of the 16 loci were polymorphic with an average PIC of 0.4188 in the Shanyi E population. The mean H O was 0.5191 and 0.4333 for the A and E populations, respectively. Therefore, high levels of genetic variation were found in the two in-bred strains, with the Shanyi A population showing a slightly higher level. F IS , the inbreeding coefficient of an individual relative to each population, was calculated as -0.0323, revealing the presence of slight outbreeding in the inbred strains. 
Genetic differentiation between the two inbred populations
In total, 115 alleles across the 16 loci were identified in the two inbred populations, yet only 51 alleles were shared by both populations. In addition, the Fisher exact test analysis (Table 4 ) strongly indicated population differences in allele frequency at 10 microsatellite loci (P < 0.01). The coefficient of genetic differentiation (F ST ) ranged from 0.002 to 0.9253, with an overall average of 0.1935 (Table 3) , corresponding to 19.35% genetic variation between the two inbred strains. The population differentiation was also investigated by Nei's (1978) original measures of genetic identity and genetic distance, respectively measured at 0.5886 and 0.5300, compared with the unbiased genetic identity and genetic distance of 0.5956 and 0.5182. Furthermore, the ∆k maximized at K = 2 cluster for the 48 genotyped animals by full Bayesian analyses computed with the STRUCTURE program. The estimated posterior means of the assignment fraction to the inferred populations are shown in Table 5 . Shanyi A and E populations showed a clear affiliation with an average assignment level of 0.9837 to one inferred cluster and the overall assignment success was 100%, i.e., all 48 animals were correctly classified into their original populations (Figure 1) . The phylogenetic tree, based on the allele sharing matrix and the neighbor-joining method, is shown in Figure 2 . The 48 individuals were treated as taxonomic entities and subdivided into two clusters with 100% of individuals returning to their own original population. **Highly significant difference between two populations. *Significant difference between two populations. Table 4 . The Fisher exact test of population differences in allele frequency at 16 microsatellite loci (P < 0.001).
DISCUSSION
To the best of our knowledge, the current study represents the first isolation and characterization of microsatellite markers from Shanyi Chinese hamster inbred strains. Despite their routine usage in biomedical research, the molecular genetic characterization of these Shanyi inbred populations had been lacking. Compared with the striped hamster (Cricetulus barbensis) (Xu et al., 2008) , Shanyi A and E inbred populations displayed very high levels of genetic variation, showing polymorphisms in almost all the examined loci. In particular, PIC values were determined to quantitatively measure the genetic variation of microsatellite markers. According to commonly accepted guidelines, PIC values at >0. 50, 0.25-0.5, and <0.25 POPA = Shanyi A population; POPE = Shanyi E population. Table 5 . Posterior mean estimates of the assignment level on the inferred clusters for two inbred populations (burn-in period: 100,000; replications: 1,000,000). spond to high, moderate and low genetic variation, respectively. Therefore, Shanyi A population with an average PIC value of 0.5129 showed significant genetic variations. Specifically, 8, 6 and 2 loci exhibited high, moderate and low polymorphism. In comparison, the Shanyi E population showed a slightly lower, borderline, PIC of 0.4188, including 5, 8 and 3 loci with high, moderate and low polymorphism, respectively. The significant genetic variation of the two populations may result from complex genetic influence by contaminating populations. Since Shanyi strains are widely used as inbred populations, a more rigorous protocol will need to be implemented to characterize the full genetic background of these animals. Wright's F ST is often used to describe the genetic differentiation among populations of the same species (Wright, 1978; Shang et al., 2009) . High levels of genetic differentiation between the two populations were identified; the Shanyi A population was more polymorphic than the E population. Mean F ST was calculated at 0.1935, and 10 of the 16 loci showed strong differentiation among the two inbred populations, ranging up to F ST = 0.9253. Furthermore, significant genetic differentiation also correlated with considerable variation in several parameters including the distribution of allele frequencies at 10 microsatellite loci, Nei's genetic distance (0.5300), Nei's unbiased genetic distance (0.5182) (Nei, 1978) , N-J alleles sharing tree and full Bayesian analyses computed with STRUCTURE. The genetic differentiation between populations can be caused by multiple factors, commonly including mating, reproductive system, selection, and geographic isolation. In this study, genetic differentiation may be attributable to distinct reproduction and geographic isolation. Importantly, such genetic information on two populations may facilitate selective and effective inbreeding reproduction.
It was also observed that the alleles sharing N-J tree and full Bayesian analyses achieved 100% assignment success of individuals into their correct breeds of origin based on genotypes of the 16 microsatellite loci (Figure 1, Figure 2 ). For example, Figure 1 showed clear demarcation between the two populations and all individuals were correctly assigned to their respective clusters. The full Bayesian approach (Table 5, Figure 2 ) also revealed that Shanyi A and E populations represented different source clusters with average assignment levels of 0.9755 and 0.9912, respectively, and individual assignment levels ranging from 0.889 to 0.997. These results are consistent with those described by Kruger et al. (2005) .
Half of the loci examined (8/16 and 9/16) showed significant deviations from HWE in the two inbred populations (Table 1 ). The calculated F IS values indicated that most heterozygote-deficient loci may be caused by inbreeding; conversely, most heterozygote-excess loci may be due to outbreeding. Thus, deviation from HWE may be attributable to varying reproduction procedures; thus, it is important to avoid outbreeding in Shanyi inbred populations.
Taken together, our study constitutes a detailed genetic characterization of the two Chinese hamster inbred strains, and reveals novel microsatellite loci as useful genetic markers.
